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Abstract
Hedgehog (Hh) signaling is required for eye development in vertebrates; known roles in the zebrafish include regulation of eye
morphogenesis and ganglion cell and photoreceptor differentiation. We employed a temporally selective Hh signaling knockdown strategy,
by using antisense morpholino oligonucleotides or the teratogenic alkaloid cyclopamine, in order to dissect the separate roles of Hh signaling
arising from specific sources. We also examined the eye phenotype of zebrafish slow muscle-omitted (smu) mutants, which lack a functional
smoothened gene, encoding a component of the Hh signal transduction pathway. We find that Hh signaling from extraretinal sources is
required for the initiation of retinal differentiation, but this involvement may be independent of the effects of Hh signaling on optic stalk
development. We also find that Hh signals from ganglion cells participate in propagating expression of ath5, and we suggest that the effects
of Hh signals from the retinal pigmented epithelium on photoreceptor differentiation may be mediated by the transcription factor rx1.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
The hedgehog (hh) genes encode secreted signaling mol-
ecules that play roles in the development of the central
nervous system, appendages, and sensory systems in verte-
brates and in invertebrates (reviewed by Ingham and Mc-
Mahon, 2001). The function of Hh signaling in development
of the visual system in each case is pleiotropic. In Drosoph-
ila, Hh signaling from the peripodial membrane regulates
tissue polarity within the eye imaginal disk that lies above it
(Cho et al., 2000), then during retinal differentiation, a wave
of Hh signaling sweeps across the disk, leaving in its wake
differentiated photoreceptors (Heberlein et al., 1993; Ma et
al., 1993). In vertebrates, Hh signaling from the CNS mid-
line separates the eye fields (Ekker et al., 1995; Macdonald
et al., 1995), then during retinal differentiation, two succes-
sive waves of Hh signaling sweep across the developing
eye: Hh signaling from newly generated ganglion cells
regulates retinal proliferation (Stenkamp et al., 2002; see
also Levine et al., 1997; Jensen and Wallace, 1997) and
ganglion cell differentiation (Neumann and Nuesslein-Vol-
hard, 2000; Zhang and Yang, 2001a), then Hh signaling
from the retinal pigmented epithelium (RPE) regulates pho-
toreceptor differentiation (Stenkamp et al., 2000; see also
Levine et al., 1997) and retinal cell survival (Stenkamp et
al., 2002). Ongoing Hh signaling within the developing eye
may then be required for structural maturation of Mu¨ller
glia and maintenance of a properly laminated retina (Wang
et al., 2002). Genes encoding the Hh receptor, Patched, are
expressed by retinal neuroepithelial cells (Jensen and Wal-
lace, 1997; Stenkamp et al., 2000). Defects in Hh signaling
in vertebrates can lead to defects in eye morphology and
pattern, including cyclopia (Nasevicius and Ekker, 2000;
Chiang et al., 1996), as well as defects in development of
ganglion cells (Neumann and Nuesslein-Volhard, 2000;
Stenkamp et al., 2002) and photoreceptors (Stenkamp et al.,
2000, 2002).
We have recently examined retinal development in the
sonic-you (syu) mutant zebrafish, which has a deletion in the
sonic hedgehog (shh) gene, but is rescued from cyclopia by
a normal tiggy-winkle hedgehog (twhh) gene (Schauerte et
al., 1998). This examination revealed an additional role for
Hh signaling during eye development. In half of the syu/
embryos analyzed, retinas failed to make the transition from
proliferative neuroepithelium to differentiating cells (i.e.,
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failed to initiate retinal differentiation) (Stenkamp et al.,
2002). Because the expression of hh genes in the RPE and
in ganglion cells occurs too late to influence the initiation of
differentiation (see Stenkamp et al., 2000; Neumann and
Nuesslein-Volhard, 2000), the source of Hh signaling for
this effect must be extraretinal. Known extraretinal sources
of Hh signaling in the embryonic head of the zebrafish
include the the prechordal plate and the ventral diencepha-
lon (shh, Krauss et al., 1993; twhh, Ekker et al., 1995), the
foregut (shh, Strahle, 1996), and pharyngeal cartilage (shh,
Krauss et al., 1993; twhh, Ekker et al., 1995). One of these
sources, the prechordal plate, has been implicated in the
indirect initiation of retinal differentiation, although the
identity of the signal itself is not known (Masai et al., 2000).
The prechordal plate must be present and normally posi-
tioned at the end of epiboly in order for ath5, a homolog of
the Drosophila basic helix–loop–helix gene, atonal, to be
expressed in the developing retina, and in order for retinal
differentiation to occur. The putative midline signal likely
acts indirectly, by regulating position of, or gene expression
in, the developing optic stalk (Masai et al., 2000). Hh
signaling from midline sources is known to influence optic
stalk development (Macdonald et al., 1995), again suggest-
ing Hh as a prime candidate for the unidentified prechordal
plate signal.
Expression of ath5 is required for the formation of gan-
glion cells (Kay et al., 2001), and shortly thereafter, Hh
signaling from newly specified ganglion cells is required to
propagate ganglion cell development (Neumann and
Nuesslein-Volhard, 2000). Based on the genetic interaction
between hh and atonal in the developing Drosophila eye
(Baker and Yu, 1997), a similar regulatory relationship has
been speculated for the differentiating vertebrate retina
(Masai et al., 2000; Kay et al., 2001; Neumann, 2001), but
has not yet been experimentally verified.
Here, we use temporally selective disruption of Hh sig-
naling to test the hypothesis that the unknown midline
signal indirectly responsible for the initiation of retinal
differentiation is Hedgehog. This approach also allows us to
examine postulated genetic interactions between ganglion
cell-derived Hh signaling and ath5 expression (Neumann,
2001), and between RPE-derived Hh signaling and expres-
sion of the photoreceptor transcription factor rx1 (Stenkamp
et al., 2002). Embryonic zebrafish were injected with mor-
pholino antisense (shh-MO and twhh- MO) oligonucleotides
at developmental times corresponding to: (1) the time dur-
ing which a putative prechordal plate signal launches events
that ultimately result in the initiation of retinal neurogenesis
(10 hpf, Masai et al., 2000), (2) the time when hh expression
begins in ganglion cells (27 hpf, Neumann and Nuesslein-
Volhard, 2000), and (3) the time when hh expression is
spreading through the RPE (51 hpf; Stenkamp et al., 2000).
These experiments were supplemented by examining retinal
phenotypes in embryos treated with the teratogenic alkaloid,
cyclopamine, which is known to disrupt Hh signaling (In-
cardona et al., 1998). Additionally, we examined the devel-
oping eye phenotype in the slow muscle-omitted (smu) mu-
tant, which has a point mutation in the gene encoding
Smoothened, a component of the Hh signal transduction
pathway, but is rescued from cyclopia by maternal expres-
sion of Smoothened (Varga et al., 2001).
We found that (1) disruption of Hh signaling at 100%
epiboly resulted in severe reduction in, or disturbance of,
ath5 expression and retinal neurogenesis, but that these
effects are independent of the effects of Hh on the optic
stalk; (2) disruption of Hh signaling during ganglion cell
neurogenesis resulted in a slight reduction in ath5 expres-
sion, suggesting that Hh signals from ganglion cells may
participate in propagating, but not initiating, ath5 expres-
sion; and (3) disruption of Hh signaling from the RPE
resulted in reduced opsin expression and failed expression of
the transcription factor rx1 in the outer nuclear layer (ONL).
Materials and methods
Animals and tissue preparation
Wild-type zebrafish (Danio rerio) were from our outbred
colony or were the AB strain from the University of Oregon
facility; fish were maintained and bred in the laboratory
according to Westerfield (1995). Embryos were treated with
0.003% phenothiourea (PTU) at 12 h postfertilization (hpf)
to retard pigmentation and keep the embryos transparent
(Westerfield, 1995). Embryos were fixed in 4% paraformal-
dehyde and were stored in 100% methanol as whole mounts,
or were embedded, frozen, and sectioned at 3 m according
to Barthel and Raymond (1990). PTU-treated, fixed smub641
/ embryos and siblings were sent by Sarah Cheesman (J.
Eisen laboratory, University of Oregon) from the University
of Oregon facility; mutants were identified by body axis
abnormalities (Varga et al., 2001).
Cyclopamine (the gift of W. Gaffield) was prepared as a
20 mM stock solution in ethanol and diluted into embryo
medium at 100 M; controls received the same volume of
ethanol (as in Chen et al., 2001). Embryos were manually
dechorionated prior to cyclopamine treatment.
In situ hybridization
Full-length cDNAs (in pBluescript) corresponding to ze-
brafish shh, twhh, and ptc-2 were the generous gifts of Steve
Ekker (University of Minnesota) and Philip Ingham (Uni-
versity of Sheffield), respectively. Those corresponding to
zebrafish crx, pax2.1/pax2.2, and ath5/fgf8 were the kind
gifts of Pamela Raymond (University of Michigan), Brian
Link (University of Wisconsin), and Steve Wilson (Kings
College), respectively. cDNA encoding zebrafish rx1 was
the generous gift of Peter Mathers (University of West
Virginia) and zebrafish rod opsin cDNA was the gift from
David Hyde (Notre Dame University). These cDNAs were
used to synthesize digoxigenin- (dig) or fluorescein- (fl)
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labeled cRNA probes by using the Genius Kit (Roche,
Indianapolis, IN). In situ hybridizations on retinal cryosec-
tions and embryo whole mounts were carried out according
to Barthel and Raymond (1993). Two-color double in situ
hybridizations were performed according to Stenkamp et al.
(2000; see also Hauptmann and Gerster, 1994).
Analysis of expression of cell-specific markers
Eyes hybridized with ath5 cRNA were mounted in glyc-
erol and viewed under bright-field optics on a Leica DMR
microscope. Retinal coverage by ath5-expressing cells was
assessed by assigning a score of 0–3, where 0  no ath5
expression, 1  less than 1/4 of the retina showing ath5
expression, 2 more than 1/4 but less than 3/4 of the retina
showing ath5 expression, and 3  more than 3/4 of the
retina expressing ath5. Any eyes showing an unusual pat-
tern of ath5 expression were scored as “X”.
Retinal coverage by opsin-expressing cells was assessed
by using the rod recruitment stages defined by Raymond et
al. (1995; see also Stenkamp et al., 2000; 2002). Each eye
was assigned a stage, from 0 to 6, using the following
criteria: stage 0, no opsin-expressing cells; stage 1, 20
opsin-expressing cells; stage 2, 20 opsin-expressing cells,
confined to a ventral patch; stage 3, opsin-expressing cells
appear outside of ventral patch; stages 4–6 reflect increas-
ing density of opsin-expressing cells both within the ventral
patch and elsewhere in the retina.
Antisense injections
We used two different antisense oligonucleotide (oligo)
strategies. The first was injection of a cocktail of phospho-
rothioate-modified oligos (purchased from Genosys Bio-
technologies, The Woodlands, TX), designed to be comple-
mentary to specific regions of the shh and twhh transcripts
(see Stenkamp et al., 2000, for sequence information). The
control oligo was a nonsense sequence with similar nucle-
otide content to one of the shh oligos. Injection solutions
consisted of 120 M total oligonucleotide, 0.1% phenol red,
and 6% lipofectamine in sterile saline. Phosphorothioate-
modified oligos bind to specific RNA sequences and target
these sequences for degradation by RNase H, and therefore
use of specific oligos results in loss of specific RNAs as well
as proteins (Matteucci, 1997). This method has been shown
to decrease expression of shh and twhh RNA, and Hh
protein in zebrafish embryos, and thereby result in decreases
in photoreceptor differentiation (Stenkamp et al., 2000).
The second strategy was injection of morpholino-modi-
fied oligos, designed to be complementary to the region near
the start codon of the shh or twhh transcript (Nasevicius and
Ekker, 2000). We used the same sequences as Nasevicius
and Ekker (2000) for shh-MO and twhh-MO and for the
control oligo. Injection solutions consisted of 1 mg/ml total
oligonucleotide and 0.1% phenol red in 1 Danieaux solu-
tion or in water. Morpholino oligos stearically inhibit trans-
lation of specific RNAs, and therefore their use results in
loss of specific proteins but not of the mRNA (Heasman,
2002). This method has been shown to decrease expression
of genes regulated by Hh signaling, and thereby results in
Hh-depleted phenotypes (Nasevicius and Ekker, 2000). In
some cases, a control oligo was used that was conjugated to
fluorescein, so that the capacity for morpholinos to spread
through the embryo could be assessed.
Injection pipets were drawn from 1.0-mm glass capillaries
and used to inject 2–10 nL of oligo solution via a pico-injector.
Phosphorothioate oligos were injected into the head mesen-
chyme behind the eye of the embryo, according to Stenkamp et
al. (2000). Morpholino oligos were injected into the yolk,
according to Nasevicius and Ekker (2000).
Results
Verification that morpholino oligonucleotides are effective
at various times of development
We wished to verify that morpholinos (MO) could be
used to knock down expression of specific genes when used
after the two-cell stage (Nasevicius and Ekker, 2000). A
fluorescein-conjugated, nonsense morpholino was injected
into embryos at 10, 27, and 51 hpf, to correspond to the
selected experimental times. Immediately following injec-
tion, the yolk appeared brightly fluorescent (Fig. 1A, E, and
I). Then, 60–90 min later, the fluorescence had spread
throughout the embryo, including to the head and eye (Fig.
1B, F, and J), and was visible intracellularly (Fig. 1B, inset).
To determine whether morpholinos could effectively knock
down translation of the target protein, we injected embryos
with shh/twhh-MO, and examined embryos either for ex-
pression of Hh protein by using an anti-Hh antibody (H4,
gift of H. Roelink), or for expression of the patched-2 (ptc2)
gene. Ptc genes encode a component of the Hh signal
transduction pathway, and their expression is regulated by
Hh signaling (Lewis et al., 1999). Hh immunoreactivity was
highly reduced within 90 min of shh/twhh-MO injection, in
all regions normally expressing Hh (Fig. 1C, D, G, H, K,
and L). This effect persisted throughout our experimental
time frame (58 hpf; Fig. 1D, inset). Ptc2 expression was
similarly reduced in embryos injected with antisense, as
compared with those injected with nonsense-MO (compare
insets in Fig. 1G and H). Together, these results indicate that
Hh signaling had been reduced by the shh/twhh-MO injec-
tion. This analysis revealed that our antisense injections
were effective at reducing Hh immunoreactivity or ptc2
expression in approximately 40–50% of the shh/twhh-MO-
injected embryos in each experiment (Table 1). Therefore,
for each experiment, we confirmed that the percentage of
putative morphant phenotypes observed matched this rate of
effectiveness. We also confirmed for most experiments that
the morphant phenotype mimicked that generated by treat-
ment with the teratogenic alkaloid, cyclopamine (see be-
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low), which has been shown to interfere with Hh signal
transduction (Incardona et al., 1998). The similarity of the
morphant phenotype produced by 10-hpf injections, to that
of a mutant lacking a functional smoothened gene (see
below), provided additional verification of the specificity of
the MO treatment for the Hh signal transduction pathway.
Effects of reducing Hh signaling at 100% epiboly (10 hpf)
Expression of midline sources of Hh signaling was tar-
geted by injection of morpholinos at 10 hpf. Although shh
and twhh are expressed prior to 10 hpf (Ekker et al., 1995),
we chose this time because it corresponds to the period
when signals from prechordal plate tissue are likely to have
their influence on retinal neurogenesis, rather than on sep-
aration of the developing eye fields (Masai et al., 2001).
Antisense- and nonsense-injected embryos were fixed at 34
hpf; eyes obtained from these experiments showed a variety
of expression patterns of ath5. In nonsense- injected em-
bryos, ath5 was expressed in retinal neuroblasts throughout
the entire eye or nearly the entire eye (Fig. 2A). Although
these normal expression patterns were also observed in
Fig. 1. Morpholino (MO) oligonucleotides can effectively be delivered to embryos after the two cell stage. (A) Embryo injected (into the yolk) with
fluorescein-conjugated MO at 10 hpf, viewed shortly after injection; anterior (a) and posterior (p) for A-D are as indicated in (A). (B) Embryo injected as
in (A), but 60 min later. Inset shows view of dorsal surface of embryo, revealing intracellular localization of the MO. (C) Embryo injected with control MO
at 10 hpf, fixed 60 min later, and labeled with anti-Hh antibody. Fluorescence indicates Hh protein present throughout the dorsal axis of the embryo. (D)
Embryo injected with shh/twhh-MO, at 10 hpf, fixed 60 min later, and labeled with anti-Hh antibody. Dorsal axis of embryo has been depleted of Hh
immunofluorescence. Inset shows embryo injected with shh/twhh-MO at 10 hpf and fixed at 58 hpf. Low levels of immunofluorescence indicate prolonged
effectiveness of the shh/twhh-MO (compare with K; e, eye). (E) Embryo injected (into the yolk, y) with fluorescein- conjugated MO at 27 hpf, viewed shortly
after injection. (F) Embryo injected as in (A), but 90 min later. (G) Embryo injected with control MO at 27 hpf, fixed 90 min later, and labeled with anti-Hh
antibody. Fluorescence indicates Hh protein present in the ventral CNS (arrow) and a few ganglion cells (arrowhead) (expression in gut endoderm is not in
focal plane). (H) Embryo injected with shh/twhh-MO, at 27 hpf, fixed 90 min later, and labeled with anti-Hh antibody, showing depletion of Hh
immunoreactivity. Insets in (G) and (H) show embryos injected with control-MO (G, inset) or shh/twhh-MO (H, inset) at 27 hpf, fixed at 34 hpf, and
hybridized with a ptc2 riboprobe. (I) Embryo injected (into the yolk) with fluorescein-conjugated MO at 51 hpf, viewed shortly after injection. (J) Embryo
injected as in (C), but 90 min later (the eye of this embryo appears dark because it was not treated with PTU). (K) Embryo injected with control MO at 51
hpf, fixed 90 min later, and labeled with anti-Hh antibody. Fluorescence indicates Hh protein present in the gut endoderm (arrow), ganglion cells (arrowhead),
and the RPE (black arrowhead) (expression in CNS is not in focal plane). (L) Embryo injected with shh/twhh-MO at 51 hpf, fixed 90 min later, and labeled
with anti-Hh antibody, showing depletion of Hh immunoreactivity.
352 D.L. Stenkamp, R.A. Frey / Developmental Biology 258 (2003) 349–363
353D.L. Stenkamp, R.A. Frey / Developmental Biology 258 (2003) 349–363
some antisense-injected embryos (not shown), other em-
bryos showed reduced ath5 expression (Fig. 2B), no ath5
expression (not shown), or ath5 expression in an unusual
pattern (Fig. 2C). For example, some eyes showed two
initial patches of ath5 expression (Fig. 2C) rather than one.
We assigned scores to these patterns in order to quantify our
results, such that a higher score reflects greater spread of
ath5 expression across the retina, and a score of “X” means
that an unusual distribution of ath5 was observed (see Ma-
terials and methods). The fraction of antisense- injected
embryos showing highly reduced or unusual ath5 expres-
sion (scores of 0, 1, or X) was similar to the fraction that, in
previous experiments, showed effective knockdown of Hh
signaling, as revealed by reduced ptc2 expression (Fig. 2E;
Table 1). Embryos treated with 100 M cyclopamine at 10
hpf also showed delayed spread or unusual patterns of
expression of ath5 when examined at 34 hpf (Fig. 2D and E;
Table 1). Cyclopamine has been demonstrated to interfere
with Hh signaling (Incardona et al., 1998) by interacting
with the Smoothened protein (King, 2002).
To further investigate our speculated indirect link be-
tween extraretinal Hh signaling and the induction of retinal
differentiation, we examined expression of pax2.1 in the
optic stalk following injection of shh/twhh-MO. Most of the
antisense-injected embryos showed a pattern of pax2.1 ex-
pression identical to that of nonsense-injected or uninjected
embryos (Fig. 2F and G). The most “abnormal” pattern of
pax2.1 expression observed in these experiments (in the
anterior region of the embryo; pax2.1 expression appeared
superficially normal elsewhere) was a slight anterior dis-
placement of pax2.1 expression in the optic stalks (Fig. 2G,
inset); this phenotype was observed in 2 of 36 embryos
(Table 1). If the initiation of ath5 expression in the retina is
indeed related to the extent of pax2 expression (Masai et al.,
2000), it is unclear whether this rare spatial abnormality in
expression of pax2.1 would be sufficient to result in the
abnormalities observed for ath5 in the current experiments
(and see below). Embryos treated at 10 hpf with 100 M
cyclopamine also rarely showed optic stalk abnormalities
(Table 1).
We also examined the expression pattern of selected
retinal cell markers in slightly older embryos, at a time
Table 1
Proportions of “abnormal” phenotypes observed in shh/twhh-MO injected or cyclopamine-treated embryos, and in Hh pathway mutants
Exp. condition Effectivenessa 34 hpf 58–60 hpf
ath5b pax2c fgf8c lamd rx1e
shh/twhh-MO 10 hpf 46% (20) 20% (47) 5% (36) n.d. 32% (27) 35% (12)
shh/twhh-MO 27 hpf 40% (15) 0% (41) 0% (20) n.d. 0% (25) 40% (10)
shh/twhh-MO 51 hpf 42% (10) n.a. n.a. n.a. 0% (33) 45% (12)
cyclopamine 10 hpf n.d.f 20% (20) 8% (12) n.d. 31% (16) 30% (11)
cyclopamine 27 hpf n.d.f 0% (14) n.d. n.d. 0% (18) 22% (18)
smu/ n.d.g 14% (90) 83% (83) 64% (22) 62% (60) 39% (19)
syu/ n.d.h 0%i 0%j n.d. 45%i 78%i
a Percent of embryos showing reduced Hh immunoreactivity or ptc2 hybridization (qualitatively assessed, see Fig. 1) as compared to control embryos (n).
b Percent of embryo eyes scored as 0 or X for ath5 expression (n).
c Percent of embryos with absent or severely reduced pax2.1 or fgf8 hybridization in optic stalk (qualitatively assessed, see Fig. 5E) (n).
d Percent of embryo eyes displaying no clear ONL or GCL (compare Fig. 2M,N to 2K,L); embryos hybridized with either rod opsin or rx1 were used for
this analysis (n).
e Percent of embryo eyes with rx1 expression in progenitor cells only (not in ONL); unlaminated retinas were not included in this analysis (n).
f Effectiveness of cyclopamine has been assessed biochemically and/or phenotypically by Incardona et al. (1998), Chen et al. (2001) and King (2002).
g See Varga et al. (2001) for evidence of reduced patched expression in smu mutants.
h See Lewis et al. (1999) for evidence of reduced patched expression in syu mutants.
i See Stenkamp et al. (2002).
j See Schauerte et al. (1998).
n.d., not done. n.a., not applicable.
Fig. 2. Effects of knockdown of Hh signaling at 100% epiboly (10 hpf). (A–D). Expression of ath5 at 34 hpf in nonsense-MO-injected (A), shh/twhh-MO-
injected (B, C) and cyclopamine-treated (D) embryos (slim white boundary delineates the eye); ventral (v) and nasal (n) are as indicated in (A). (E)
Quantitative assessment of ath5 expression (at 34 hpf) following MO injection or cyclopamine treatment at 10 hpf; stages reflect increasing ath5 expression,
X means an unusual expression pattern (such as the two discrete patches of expression in (C) and the dorsal initiation site in (D); see Materials and methods).
(F, G) Expression of pax2.1 at 34 hpf in optic stalk tissue and hindbrain (hb) of nonsense-injected (F) and shh/twhh-MO-injected (G) embryos; ventral view
of heads. Expression pattern is not significantly altered by knockdown of Hh signaling. Inset of (G) shows the most severe phenotype (rarely) observed;
labeling is fainter, and optic stalks are reduced in size and displaced anteriorly. (H, I). Expression of rod opsin at 58 hpf in nonsense-MO-injected (H) and
shh/twhh-MO-injected (I) embryos; ventral (v) and nasal (n) are as indicated in (H). (J) Quantitative assessment of rod differentiation (at 58 hpf) following
MO injection at 10 hpf; stages reflect increasing numbers of rods (see Materials and methods). (K–M) Expression of rx1 at 58 hpf in nonsense-injected (K),
shh/twhh-MO-injected (L, M), and cyclopamine-treated (N) embryos. Closely spaced eyes of this cyclopamine-treated embryo preclude a clearer image of
either eye. onl, outer nuclear layer; pc, progenitor cells.
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when the retina is fully laminated and photoreceptors are
differentiating rapidly (58 hpf; Raymond et al., 1995). An-
tisense-injected embryos showed reduced or absent rod op-
sin expression, and when rod opsin was present, rods were
confined to a small ventral patch of the retina (Fig. 2H–J).
Antisense-injected embryos also showed several interesting
patterns of expression of the zebrafish rx1 gene, which is
normally expressed in progenitor cells at the retinal periph-
ery, and in the outer nuclear layer (ONL; Chuang et al.,
1999; Fig. 2K). In embryos injected at 10 hpf with anti-shh/
twhh morpholinos, we frequently observed expression in
progenitor cells but not in the ONL, even though a clearly
defined ONL was present (Fig. 2L). In some cases, rx1
expression was present in the ONL, but only in a small
ventral patch (not shown). Finally, in 32% of embryos
examined, the rx1 gene was expressed throughout the retina,
and the retina was unlaminated, consisting of cells with a
neuroepithelial appearance (Fig. 2M; Table 1). This delayed
character of the eye was similar to that seen in about half of
embryos lacking the sonic hedgehog gene (syu; Stenkamp et
al., 2002), further suggesting a role for Hh signaling in the
initiation of retinal differentiation. Embryos treated with
100 M cyclopamine at 10 hpf and examined at 58 hpf also
showed a variety of rx1 expression phenotypes, including
failed lamination and a “neuroepithelial” pattern of rx1
expression (Fig. 2N; Table 1).
Effects of reducing Hh signaling during ganglion cell
differentiation (27 hpf)
Expression of shh and twhh in ganglion cells was tar-
geted by injection of morpholinos at 27 hpf. Our aim was to
accomplish this while avoiding substantial interference with
earlier, extraretinal Hh signals that may be involved in eye
patterning (Nasevicius and Ekker, 2000; and see above).
Embryos fixed at 34 hpf were hybridized as whole mounts
with an ath5 cRNA riboprobe, and the levels of ath5 ex-
pression were subjectively quantified as above (see Materi-
als and methods). Interference with Hh signaling over this
time period resulted in a decrease in the spread of ath5
expression, in that the number of embryos showing normal
ath5 expression was reduced; however, all antisense MO-
injected embryos showed some ath5 expression, and it was
always present in an appropriate spatial pattern (Fig. 3A;
Table 1) Similar results were obtained following cyclopam-
ine treatment at 27 hpf (Fig. 3A and B; Table 1). Therefore,
Hh signaling from a ganglion cell source may be involved in
the propagation of ath5 expression, but it is not likely to be
involved in its initiation. We also examined the expression
pattern of pax2.1 in embryos injected with shh/twhh-MO at
27 hpf, and found it to be normal (Fig. 3C). The reduction
in ath5 expression due to knockdown of Hh signaling from
ganglion cells is therefore not likely to be related to signals
from the optic stalk.
We next examined the expression pattern of rod opsin
and rx1 at 58 hpf, to determine the degree to which reduced/
delayed ath5 expression influenced overall retinal differen-
tiation, and to determine which of the effects on opsin and
rx1 seen as a consequence of earlier antisense injections
might be mediated by Hh signaling from ganglion cells.
Antisense-injected embryos showed reduced rod opsin ex-
pression, but it was never completely absent (Fig. 3D).
Embryos injected with antisense at 27 hpf also showed
some, but not all, of the patterns of expression of the
zebrafish rx1 gene seen in embryos injected at 10 hpf. We
frequently observed expression in progenitor cells but not in
the ONL, even though a clearly defined ONL was present
(Fig. 3E and F), although in some cases, rx1 expression was
present in a small ventral patch of the ONL (not shown).
However, we never observed the “neuroepithelial” pattern
of rx1 labeling, and retinas from all antisense-injected em-
bryos were laminated (Table 1). Similarly, all embryos
treated with cyclopamine at 27 hpf showed laminated reti-
nas when examined at 58 hpf, although several did not have
rx1 labeling in the ONL (Table 1). These findings suggest
that the delay in ath5 propagation did not prevent retinal
differentiation. These findings also suggest that the effects
on retinal differentiation (lack of lamination) seen following
the 10-hpf injections were most likely the result of interfer-
ing with Hh signaling from extraretinal sources, rather than
from the ganglion cells. However, the effects on rx1 and
opsin expression in photoreceptors may be mediated by
signals from other, later-expressing sources of Hh, such as
ganglion cells and/or RPE.
Effects of reducing Hh signaling during photoreceptor
differentiation (51 hpf)
In our previous study, expression of shh and twhh in the
RPE was targeted by injection of antisense oligonucleotides
at 51-53 hpf, and this treatment reduced opsin expression
(Stenkamp et al., 2000). Although a limited spread of opsin
expression is a feature of embryos with reduced Hh signal-
ing from several sources (such as the syu mutant; Stenkamp
et al., 2000; 2002), the spatiotemporally targeted reduction
of Hh signaling from the RPE demonstrated that this feature
is related to loss of Hh specifically from the RPE. We
wished to apply this strategy to determine whether Hh
signaling from the RPE, or from other sources, is involved
in failed rx1 expression in the ONL (Stenkamp et al., 2002,
and see above). For these experiments, we used either phos-
phorothioate oligonucleotides, as previously described
(Stenkamp et al., 2000), or MO-oligonucleotides, in order to
verify similarity of the two approaches. Both antisense
approaches yielded a similar phenotype when examined at
58 hpf. Antisense-injected embryos showed a reduction in
expression of opsin (Stenkamp et al., 2000; and data not
shown). Additionally, 5 of 12 antisense-injected embryos
failed to express rx1 in the photoreceptor layer, although
expression in retinal progenitor cells was unaffected (Fig.
4A and B; Table 1). In one experiment, we also examined
expression of crx and found it to be normal (whole mounts
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not shown). We confirmed that individual antisense-injected
embryos could have defects in expression of some (late)
photoreceptor markers (such as the zpr-1 antigen and rx1)
but normal expression of early photoreceptor markers (crx
and NeuroD) by processing nearby sections of identified
embryos for each marker (Fig. 4C–F; data not shown for
NeuroD; see Stenkamp et al., 2000 for zpr-1). In all em-
bryos injected with antisense at 51 hpf, lamination was
normal, and we never observed a “neuroepithelial” pattern
of rx1 hybridization as in the embryos exposed to antisense
at earlier developmental times (see Fig. 2M). Taken to-
gether, these results confirm that the failed lamination mor-
phant phenotype seen after injection of shh/twhh-MO at 10
hpf, similar to the delayed phenotype observed in half of all
syu mutant embryos (Stenkamp et al., 2002), was due to
interference with Hh signaling from extraretinal sources,
rather than from ganglion cells or RPE. Additionally, since
failed rx1 expression in the ONL can be associated with
disruption of Hh signaling at any of the time points tested,
Hh signaling from the RPE may be important for late stages
of photoreceptor differentiation (see also Stenkamp et al.,
2002).
The eye phenotype of zebrafish lacking a functional
smoothened gene
The smu zebrafish was selected for this study because
smu mutants lack a functional smoothened gene, which
encodes a component of the Hh signal transduction cascade.
Homozygous smu mutants lack Hh signaling throughout
most of embryonic development, but are rescued from cy-
clopia by maternal expression of smoothened (Varga et al.,
Fig. 3. Effects of knockdown of Hh signaling at 27 hpf. (A) Quantitative assessment of ath5 expression (at 34 hpf) following MO injection or cyclopamine
treatment at 27 hpf; stages reflect increasing ath5 expression, X means an unusual expression pattern (see Materials and methods). (B) Expression pattern
of ath5 following cyclopamine treatment at 27 hpf; roughly lateral view of eye, ventral (v) and nasal (n) as indicated. Pattern is representative of stage 2 of
ath5 expression. (C) Expression of pax2.1 at 34 hpf in optic stalk tissue shh/twhh-MO-injected embryos; ventral view of heads. No abnormalities are evident
in antisense-MO-injected embryo. (D) Quantitative assessment of rod differentiation (at 58 hpf) following MO injection at 27 hpf; stages reflect increasing
numbers of rods (see Materials and methods). (E, F) Expression of rx1 at 58 hpf in nonsense-injected (G) and shh/twhh-MO-injected (H) embryos. onl, outer
nuclear layer.
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2001; see also Chen et al., 2001). Therefore, we predicted
that the smu/ eyes may phenocopy the morphant pheno-
type observed after antisense-MO injection (or cyclopamine
treatment) at 100% epiboly. Furthermore, smu mutants lack
pax2.1-expressing optic stalks (Varga et al., 2001), and we
wished to verify whether the effects of early Hh signaling
on ath5 expression and the initiation of retinal differentia-
tion may be mediated by optic stalk tissue, as postulated by
Masai and colleagues for the putative midline signal (Masai
et al., 2000). Smu mutants and their wildtype siblings were
fixed at 34 hpf and hybridized with either ath5 or pax2.1
riboprobes. In 86% of the 90 mutant embryos examined,
ath5 expression was normal, but in the remaining 14%, ath5
expression was completely absent or highly reduced (Fig.
5A–C; Table 1). However, in 17% of the 83 mutant em-
bryos examined, pax2.1 expression was normal, while in the
other 83%, it was either missing or severely reduced (Fig.
5D and E). Since these ratios did not agree, and since a lack
of pax2.1 may be compensated by the expression of pax2.2
(Pfeffer et al., 1998), we performed (single color) triple in
situ hybridization for the combination of ath5, pax2.1, and
pax2.2 (Fig. 5F). In this experiment, we observed many smu
mutant embryos with normal ath5 expression, but no pax2
expression (Fig. 5G); we also (rarely) observed embryos
with weak pax2 expression but no ath5 (Table 2).
We pursued this finding with an additional optic stalk
marker, fgf8 (Reifers et al., 1998). We were concerned that
expression of the fgf8 gene in retina (Reifers et al., 1998;
and see below) may complicate the interpretation of single
color double in situs; therefore, we performed two- color
double in situ hybridizations using fgf8 and ath5 probes, on
34-hpf smu/ embryos and their wildtype siblings. In
wildtype embryos, the fgf8 probe labeled numerous embry-
onic structures, including optic stalks, the midbrain–hind-
brain boundary, nasal placodes, hypophysis, a bilateral strip
of telencephalon, and a portion of retina that corresponds to
the position of newly formed retinal ganglion cells (Fig. 5H;
see also Reifers et al., 1998). Wildtype embryos also dis-
played a normal pattern of expression of ath5 (Fig. 5H). A
large fraction of the smu mutants showed no labeling by fgf8
of optic stalks, although other fgf8-expressing structures
were labeled (Fig. 5I; Table 1), an additional indication that
well over half of smu mutants may not have optic stalks.
However, many of these smu mutants, lacking optic stalks,
expressed ath5 within both retinas in a normal pattern (Fig.
5I; Table 2).
The presence of fgf8 mRNA in an apparently differenti-
ating ganglion cell layer (Reifers et al., 1998; Fig. 5H and I)
suggested the use of this marker alone, on the smu mutants,
as a strategy to (1) confirm whether extraretinal Hh signal-
ing was needed to initiate retinal differentiation, and (2)
further investigate whether retinal differentiation could be
initiated in the absence of an optic stalk. Several smu mu-
tants and their wildtype siblings were fixed at 34 hpf and
processed for fgf8 in situ hybridization. Wildtype embryos
showed the expected pattern of fgf8 expression (Fig. 5J),
while mutants showed a variety of expression patterns,
including ganglion cell labeling in the absence of optic
stalks (Fig. 5K), optic stalk labeling but no ganglion cell
expression (Fig. 5L), and the absence of expression in both
optic stalks and in ganglion cells (Fig. 5M; see also Table 2).
Taken together with the results from the 10-hpf shh/
twhh-MO and cyclopamine experiments, these findings pro-
vide further support for a role for Hh signaling from ex-
traretinal sources in regulating the initiation of ath5
expression and retinal differentiation, as well as a role for
Hh signaling in regulating optic stalk development. How-
ever, our results also indicate that these roles may be inde-
pendent, because normal ath5 expression, and the initiation
of retinal differentiation, do not require a normal, pax2- or
fgf8-expressing optic stalk.
Several smu mutants and their wildtype siblings were
fixed at approximately 60 hpf and hybridized with either rx1
or rod opsin riboprobes. The expression pattern of rx1 in
smu/ embryos was distinct from that of wildtype siblings.
Wildtype embryos expressed rx1 in retinal progenitor cells
and in the ONL (Fig. 5N), while several mutant embryos
expressed rx1 in progenitor cells only, even when an ONL
was clearly present (Fig. 5O; Table 1). The remaining em-
Fig. 4. Effects of knockdown of Hh signaling at 51 hpf. (A, B). Expression
of rx1 at 58 hpf in nonsense-MO-injected (A) and shh/twhh-MO-injected
(B) embryos; ventral view of eyes. (C–F). Expression of rx1 (C, D) and crx
(E, F), in sectioned embryos injected with nonsense (C, E) or antisense (D,
F) oligonucleotides. Sections in (C) and (E) are from the same embryo;
sections in (D) and (F) are from the same embryo.
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bryos either showed rx1 expression in a small patch of the
ONL (not shown), or the retina was an unlaminated neuro-
epithelium, and rx1 was expressed throughout the retina
(Fig. 5P). Furthermore, a large number of smu/ retinas
were not clearly laminated at this stage (Fig. 5P; Table 1),
suggesting a defect in retinal differentiation. This array of
expression patterns closely phenocopies the patterns of ex-
pression of rx1 seen in embryos injected at 10 hpf with
shh/twhh- MO and embryos treated at 10 hpf with cyclo-
pamine (compare with Fig. 2), providing further evidence
that all of these strategies were both effective and selective
at interfering with the Hh signaling pathway. Finally, all
mutants either failed to express opsin, or had only a small
patch of opsin-expressing rods (Fig. 5Q and R). In contrast,
wildtype siblings showed the expected pattern of opsin
expression at 60 hpf (Fig. 5R).
Discussion
Temporally selective knockdown of gene expression with
morpholinos
Many developmental genes are used repetitively and for
multiple purposes. Gain- and loss-of-function techniques ap-
plied systemically at early stages of development carry the
disadvantage of altering gene expression in embryonic regions
and at embryonic times that are not of immediate interest, or
that may make results difficult to interpret or impossible to
obtain due to disruptions in morphogenesis or early lethality.
The antisense strategies used here and previously (Stenkamp et
al., 2000) disrupt gene expression at selected developmental
times and allow for targeted functional analysis. Furthermore,
these antisense experiments are not technically demanding, as
injection into the yolk is sufficient to result in rapid spread of
oligonucleotides throughout the embryo. The only disadvan-
tage of morpholino injection into the yolk is that the efficiency
of knockdown of the target molecules is not 100%, thus re-
quiring examination of larger numbers of embryos and careful
interpretation of the data. However, we believe this approach
will be especially useful for the study of eye development,
where many genes are recruited for use at later developmental
stages and in selected tissues. Advantages over the exclusive
use of cyclopamine for a similar purpose are the limited sol-
ubility of cyclopamine at precisely the concentration when
effectiveness is noticeable, the capacity to verify effectiveness
of treatment by examining expression of the target protein, and
the potential to apply this technique to other signaling systems,
where selective teratogens are not available.
Mechanism of involvement of Hh in initiation of retinal
differentiation
Our results are consistent with involvement of extrareti-
nal Hh signals in initiating ath5 expression and retinal
differentiation. Interference with Hh signaling by anti-
sense-MO injection or cyclopamine treatment at 10 hpf
resulted in a lack of ath5 expression, or in an unusual
pattern of ath5 expression in 20% of the experimental em-
bryos, and a delay in ath5 expression in another 10% of the
embryos. Since these percentages compare favorably with
the efficiency of target gene knockdown, these data suggest
that reduced Hh signaling from the embryonic midline is
associated with abnormal initiation of ath5 expression. This
interpretation is further supported by the unusual pattern of
ath5 expression in cyclopamine-treated embryos, and by the
absence of ath5 expression in some smu mutant embryos
lacking a functional smoothened gene. Maternal smooth-
ened expression persists in smu/ embryos until some time
between the 2- somite and 18-somite stages (Varga et al.,
2001). Perhaps the smu/ embryos lacking ath5 lost ma-
ternal smoothened expression earlier than those that initi-
ated ath5 expression normally.
These findings are somewhat distinct from our previous
examination of the sonic-you (syu) zebrafish, which has a
deletion in the shh gene. The syu mutants show normal ath5
expression, when examined at 34 hpf (Stenkamp et al., 2002).
However, when examined later in development, approximately
half of these mutants do not show retinal lamination, but
instead have undifferentiated tissue resembling a neuroepithe-
lium, in which no markers for differentiated retinal neurons are
expressed (Stenkamp et al., 2002). Similarly, a fraction of the
embryos injected with shh/twhh-MO at 10 hpf, and a large
fraction of the smu mutants also fail to develop normal retinal
lamination, and the neuroepithelial pattern of rx1 expression
persists. Together, these results suggest that Hh signaling from
extraretinal sources is also important for features of retinal
neurogenesis that do not involve ath5.
Our results in many ways agree with those of Masai et al.
(2000), who examined retinal ath5 expression and retinal
differentiation in prechordal plate mutants, and hypothe-
sized that a signal from the prechordal plate regulated ret-
inal neurogenesis via the optic stalk. The eye phenotypes of
these mutants resemble those of shh/twhh-MO-injected, and
cyclopamine-treated embryos, as well as those of smu/
embryos. One major distinction is that the prechordal plate
mutants examined by Masai et al. (2000) showed varying
degrees of cyclopia, since earlier midline signals were not
present. Our experiments have dissociated the effects of
early axial Hh signaling on eye field separation, from later
effects on retinal neurogenesis. Our experiments have also
identified Hh as a signal needed to initiate retinal differen-
tiation, and we suggest that Hh is the unknown prechordal
plate signal identified by Masai et al. (2000). Another dis-
tinct finding of the present study is that the effects of
extraretinal Hh signaling on retinal differentiation and ath5
expression do not appear to be dependent on a pax2- (or
fgf8-) expressing optic stalk. We propose that the prechordal
plate signal suggested by Masai et al. (2000) is likely to be
Hh, as illustrated in the accompanying model (Fig. 6A), but
that this role may be independent of the role of Hh in
regulating optic stalk development. It is possible that the
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optic stalk ablation and transplant experiments in the earlier
study (Masai et al., 2000) affected nearby tissue as well,
such as extraocular mesenchyme, which is known to play
roles in eye development and patterning (Furhmann et al.,
2000). The Hh signal arising from prechordal plate may act
on extraocular mesenchyme rather than optic stalk tissue, to
indirectly influence the initiation of retinal differentiation.
Here, we consider two alternatives to the above interpre-
tation. The first is that optic stalks are present in the smu
mutants, but do not express pax2 genes nor fgf8, and this
abnormal optic stalk tissue is sufficient to regulate the ini-
tiation of retinal differentiation. The second alternative is
that the optic stalk is not required for the initiation of ath5
expression, but is needed for successful initiation of retinal
differentiation. This hypothesis can be tested by a quantita-
tive comparison of phenotypes provided in Tables 1 and 2.
Approximately 75% of the smu’s have no optic stalks, by
pax2 and fgf8 expression criteria (Table 1). About 20% of
the smu’s fail to properly express ath5 (Table 1), and there
is but a small amount of overlap between the two pheno-
types (see Table 2). Interestingly, about 60% of the smu’s,
when examined at a later developmental time, do not initiate
retinal differentiation (as assessed by failed lamination
and/or a “neuroepithelial” pattern of rx1 expression). These
ratios are consistent with the possibility that normal optic
stalk development (influenced by extraretinal Hh signaling)
is important for a specific step needed to initiate retinal
differentiation, but this step is independent of ath5 expres-
sion. However, the ratios of antisense-injected (5%), cyclo-
pamine-treated (8%), and syu mutants (0%) with abnormal
optic stalks (Table 1; Schauerte et al., 1998) are insufficient
to account for the ratios of embryos in each experimental
situation that fail to initiate retinal differentiation (respec-
tively, 32, 31, and 45%; Table 1; Stenkamp et al., 2002).
A role for extraretinal Hh signaling during eye morpho-
genesis in the chick was noted by Zhang and Yang (2001).
In the chick, Shh signals from ventral forebrain influence
the formation of ventral vs. dorsal eye “compartments,”
identified based on distinct gene expression patterns (see
also McCaffery et al., 1999; Belecky-Adams and Adler,
2001); these Shh signals may act by antagonizing BMPs
(Zhang and Yang, 2001; Adler and Belecky-Adams, 2002).
The embryonic zebrafish eye also displays some degree of
dorsal–ventral heterogeneity; for example, retinoic acid
synthesis domains are compartmentalized along the dorso-
ventral axis (Marsh-Armstrong et al., 1984), and a high
density of rod photoreceptors appears early in ventral retina
(Kljavin, 1990; Raymond et al., 1995), near the choroid
fissure. In teleost embryos, ventral retina is further special-
ized in that neurogenesis and cell differentiation originate in
this region, then spread in a spiral pattern throughout the eye
(Raymond et al., 1995; Stenkamp et al., 1996; Schmitt et al.,
1997; Hu and Easter, 1999; Marcus et al., 1999; Masai et al.,
2000). Eye “compartments” in the fish may therefore be
based on these temporal as well as spatial distinctions. We
suggest that extraretinal Hh signals in the zebrafish may
influence processes that will specify ventral retina as the site
of initiation of differentiation (Fig. 6A).
Mechanism of involvement of Hh in propagation of
ganglion cell differentiation
Hh signals propagate atonal expression during Drosoph-
ila eye development (Baker and Yu, 1997). A similar, reg-
Table 2
Phenotypes observed in smu/ embryos after colabeling with optic stalk markers and early markers of retinal differentiation
Marker combination (n) Optic Stalk 
Ret. Diff. 
Optic Stalk 
Ret. Diff. 
Optic Stalk 
Ret. Diff. 
Optic Stalk 
Ret. Diff. 
pax2/ath5 (52) 15% 10% 60% 15%
fgf8/ath5 (12) 8% 17% 67% 8%
fgf8/fgf8 (17) 23% 12% 41% 24%
Fig. 5. The eye phenotype of smu mutant embryos. (A, B). Expression of ath5 at 34 hpf in wildtype (A) and smu/ (B) embryos; lateral views of eyes. (C)
Quantitative assessment of ath5 expression (at 34 hpf) in wildtype and smu/ embryos; stages reflect increasing ath5 expression, X means an unusual
expression pattern (see Materials and methods). (D, E) Expression of pax2.1 at 34 hpf in optic stalk tissue of wildtype (D) and smu/ (E) embryos; ventral
views of heads. (F, G) Embryos hybridized with a (single-color) combination of pax2.1, pax2.2, and ath5 riboprobes. Expression of ath5 and of pax2 genes
is visible in wildtype embryos (F), but smu mutants can express ath5 in the absence of any pax2 in the optic stalk (G). (H, I). Embryos hybridized with a
(two-color) combination of fgf8 (red) and ath5 (dark). Wildtype embryos express fgf8 in optic stalks (os), nasal placodes (np), ganglion cells (gc), and the
midbrain/hindbrain boundary (mhb); wildtype embryos also show normal ath5 expression (H). Smu mutants can express ath5 in the absence of an
fgf8-expressing optic stalk (I). (J–M). Expression of fgf8 in wildtype (J) and smu mutant (K–M) embryos at 34 hpf. Fgf8 is visible in all structures labeled
in the two-color double in situ, plus is also visible in the hypophysis (hy). Mutants all show labeling in bilateral strips of telencephalon (tel), midbrain/
hindbrain boundary (mhb), and nasal placodes (np), but only occasionally in optic stalks (os, L) or ganglion cells (gc, K); in rare cases, fgf8 expression was
missing from both optic stalks and ganglion cells (M). Closely spaced eyes of smu mutants prevent complete consistency in mounting orientation; however,
in all cases, image focus is on plane of optic stalk/retina/lens, from a predominantly ventral view. (N–P). Expression of rx1 at 60 hpf in wildtype (N) and
smu/ (O,P.) embryos; ventral views of eyes. (Q) Expression of rod opsin at 60 hpf in smu/ embryos; ventral view of embryo head, in which anterior
is to the right. (K) Quantitative assessment of rod differentiation (at 60 hpf) in wildtype and smu/ embryos; stages reflect increasing numbers of rods (see
Materials and methods). onl, outer nuclear layer.
359D.L. Stenkamp, R.A. Frey / Developmental Biology 258 (2003) 349–363
360 D.L. Stenkamp, R.A. Frey / Developmental Biology 258 (2003) 349–363
ulatory interaction in vertebrates, between hh genes and
ath5, has been suggested (Masai et al., 2000; Kay et al.,
2001; Neumann, 2001), even though the onset of expression
of ath5 precedes that of hh in the retina (Masai et al., 2000;
Neumann and Nuesslein-Volhard, 2000). Knockdown of Hh
signaling with shh/twhh-MO or with cyclopamine during
ganglion cell differentiation slows the spread of ath5
through the retina, suggesting that ganglion cell-derived Hh
may be important for propagating ath5 expression. Since
Hh signaling is needed to propagate its own expression in
newlyborn ganglion cells (Neumann and Nuesslein-Vol-
hard, 2000), and since ath5 expression is required for the
neurogenesis of ganglion cells (Kay et al., 2001), we sug-
gest that a wave of Hh expression in the retina may prop-
agate itself by propagating the wave of ath5, and therefore
ganglion cell differentiation (Fig. 6B).
The results from the smu/ embryos are difficult to
wholly resolve with this scenario (Fig. 6B). Many of the
smu/ eyes showed normal ath5 expression at 34 hpf,
suggesting that ath5 expression can be propagated quite
normally in the absence of functional Hh signaling from
ganglion cells. We consider it highly unlikely that residual
maternal Smoothened is available for propagation of ath5 in
these mutants (see Varga et al., 2001). One possible expla-
nation for these results is that an as yet unidentified smooth-
ened gene mediates Hh signaling in the retinas of the
smu/ embryos, but is not involved in earlier Hh signaling.
Alternatively, Hh signaling may be one of several mecha-
nisms involved in propagating ath5 expression. This inter-
pretation is consistent with the finding that embryos injected
with shh/twhh-MO or treated with cyclopamine at 27 hpf,
all show evidence of complete lamination when examined at
58 hpf.
Mechanism of involvement of Hh in photoreceptor
differentiation
Hh signaling is important for photoreceptor development
(Levine et al., 1997; Jensen and Wallace, 1997; Stenkamp et
al., 2000; 2002); our results suggest that these effects may
involve the transcription factor rx1, and further confirm that
Hh signaling from the RPE is primarily implicated. Anti-
sense injections delivered at 51 hpf generated some of the
same retinal phenotypes as antisense injections delivered at
earlier time points, indicating that interference with Hh
signaling rather late in development is sufficient to interfere
with photoreceptor differentiation. Knockdown of Hh sig-
naling with antisense-MO consistently resulted in failed rx1
expression in the ONL, while crx expression was unaf-
fected, further supporting the hypothesis that Hh signaling
may influence photoreceptor differentiation via the tran-
scription factor rx1 (Stenkamp et al., 2002). The rx gene
product has been shown to participate in regulating photo-
receptor-specific gene expression in cell-free systems
(Kimura et al., 2000). More recently, Chen and Cepko
(2002) have demonstrated that the chicken homolog of
zebrafish rx1/2, RaxL, is involved in the early stages of
photoreceptor differentiation. To confirm the proposed in-
teraction (in the zebrafish) illustrated in Fig. 6C, it will be
Fig. 6. Hh signaling influences eye development at several times and from
several sources: models for molecular mechanisms. (A) Hh signaling (red)
from axial sources (such as prechordal plate), regulates the expression of
pax2 genes (green), and hence optic stalk formation. Independent of this
regulatory interaction, Hh signaling from the prechordal plate also initiates
retinal differentiation (and ath5 expression; blue) within the eye, at the
optic stalk boundary (see Masai et al., 2000); this interaction is probably
indirect. (B) Hh signaling (red) from newly specified ganglion cells par-
ticipates in the propagation of ath5 expression (blue), which in turn is
necessary for ganglion cell neurogenesis (Kay et al., 2001), allowing Hh to
propagate itself (Neumann and Nuesslein-Volhard, 2000). (C) Hh signaling
(red) from the RPE (Stenkamp et al., 2000), stimulates rx1 expression
(purple) in developing photoreceptors, which in turn may be needed for
opsin expression (Kimura et al., 1999; Chen and Cepko, 2002).
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important to demonstrate that rx1 expression regulates pho-
toreceptor differentiation (opsin expression) in vivo. One
alternative to this hypothesis is that effects of reduced Hh
signaling on rx and opsin genes are related manifestations of
a photoreceptor maturation defect.
The smu/ embryos similarly showed reduced expres-
sion of photoreceptor markers, and lack of rx1 in the pho-
toreceptor layer. Interestingly, many of the smu/ embryos
developed normally laminated retinas (see Fig. 5O). We
suspect that these mutants were those that had sufficient
maternal smoothened expression to initiate retinal retinal
differentiation, but lacked functional (zygotic) Smoothened
at the time of Hh signaling from the RPE. In these mutants,
we would predict that the only notable retinal defects would
be those related to Hh signaling from ganglion cells and
RPE. A fraction of the mutants showed a small patch of rx1
and rod opsin expression in the ventronasal ONL, suggest-
ing that this region of retina may have requirements for cell
differentiation that are distinct from the rest of the retina.
This is consistent with the proposal that the ventral retina of
the embryonic zebrafish comprises a discrete domain, influ-
enced primarily by signals originating outside the eye, while
the differentiation of the remainder of the retina requires the
propagation of additional Hh, and other signals, from within
the eye.
Acknowledgments
We thank Steve Ekker, Philip Ingham, Pamela Raymond,
Brian Link, Steve Wilson, Peter Mathers, and David Hyde
for their gifts of cDNAs, and we are enormously grateful to
Sarah Cheesman for PTUing, fixing, and mailing smu
clutches from the Oregon facility. We also wish to thank
Pamela Raymond for her critical evaluation of an earlier
version of this manuscript, William Gaffield for the gift of
cyclopamine, and Henk Roelink for the gift of the H4
antibody. This work was supported by NIH Grant EY12146
to D.L.S.
References
Baker, N.E., Yu, S.Y., 1997. Proneural function of neurogenic genes in the
developing Drosophila eye. Curr. Biol. 7, 122–132.
Brand, M., Heisenberg, C.P., Varga, R.M., Pelegri, F., Karlstrom, R.O.,
Beuchle, D., Picker, A., Jiang, Y.J., Furutani-Seiki, M., van Eeden, F.J.,
Granato, M., Haffter, P., Hammerschmidt, M., Kane, D.A., Kelsh,
R.N., Mullins, M.C., Odenthal, J., Nusslein-Volhard, C., 1996. Muta-
tions affecting development of the midline and general body shape
during zebrafish embryogenesis. Development 123, 129–142.
Chen, W., Burgess, S., Hopkins, N., 2001. Analysis of the zebrafish
smoothened mutant reveals conserved and divergent functions of
hedgehog activity. Development 128, 2385–2396.
Chen, C.-M.A., Cepko, C.L., 2002. The chicken RaxL gene plays a role in
the initiation of photoreceptor differentiation. Development 129, 5363–
5375.
Chen, S., Wang, Q.L., Nie, Z., Sun, H., Lennon, G., Copeland, N.G.,
Gilbert, D.J., Jenkins, N.A., and Zack, D.J., 1997. Crx, a novel Otx-like
paired-homeodomain protein, binds to and transactivates photoreceptor
cell-specific genes. Neuron 19, 1017–1030.
Chiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L., Westphal,
H., Beachy, P.A., 1996. Cyclopia and defective axial patterning in mice
lacking Sonic hedgehog gene function. Nature 383, 407–413.
Chuang, J.C., Mathers, P.H., Raymond, P.A., 1999. Expression of three Rx
homeobox genes in embryonic and adult zebrafish. Mech. Dev. 84,
195–198.
Currie, P.D., Ingham, P.W., 1996. Induction of a specific muscle cell type
by a Hedgehog-like protein in zebrafish. Nature 382, 452–455.
Ekker, S.C., Ungar, A.R., Greenstein, P., von Kessler, D.P., Porter, J.A.,
Moon, R.T., and Beachy, P.A., 1995. Patterning activities of vertebrate
Hedgehog proteins in the developing eye and brain. Curr. Biol. 5,
944–955.
Fuhrmann, S., Levine, E.M., Reh, T.A., 2000. Extraocular mesenchyme
patterns the optic vesicle during early eye development in the embry-
onic chick. Development 127, 4599–4609.
Hauptmann, G., Gerster, T., 1994. Two-color whole mount in situ hybrid-
ization to vertebrate and Drosophila embryos. Trends Genet. 10, 266.
Heasman, J., 2002. Morpholino oligos: making sense of antisense? Dev.
Biol. 243, 209–214.
Hitchcock, P.F., Macdonald, R.E., VanDeRyt, J.T., Wilson, S.W., 1996.
Antibodies against Pax6 immunostain amacrine and ganglion cells and
neuronal progenitors, but not rod precursors, in the normal and regen-
erating retina of the goldfish. J. Neurobiol. 29, 399–413.
Incardona, J.P., Gaffield, W., Kapur, R.P., Roelink, H., 1998. The terato-
genic Veratrum alkaloid cyclopamine inhibits sonic hedgehog signal
transduction. Development 125, 3553–3562.
Ingham, P.W., McMahon, A.P., 2001. Hedgehog signaling in animal de-
velopment: paradigms and principles. Genes Dev. 15, 3059–3087.
Jensen, A.M., Wallace, V.A., 1997. Expression of Sonic hedgehog and its
putative role as a precursor cell mitogen in the developing mouse
retina. Development 124, 363–371.
Kay, J.N., Finger-Baier, K.C., Roeser, T., Staub, W., Baier, H., 2001.
Retinal ganglion cell genesis requires lakritz, a zebrafish atonal ho-
molog. Neuron 30, 725–736.
Kimura, A., Singh, D., Wawrousek, E.F., Kikuchi, M., Nakamura, M.,
Shinohara, T., 2000. Both PCE-1/RX and OTX/CRX interactions are
necessary for photoreceptor-specific gene expression. J. Biol. Chem.
275, 1152–1160.
King, R.W., 2002. Roughing up Smoothened: chemical modulators of
Hedgehog signaling. J. Biol. 1, 8.
Krauss, S., Concordet, J.P., Ingham, P.W., 1993. A functionally conserved
homolog of the Drosophila segment polarity gene hh is expressed in
tissues with polarizing activity in zebrafish embryos. Cell 75, 1431–
1444.
Levine, E.M., Roelink, H., Turner, J., Reh, T.A., 1997. Sonic hedgehog
promotes rod photoreceptor differentiation in mammalian retinal cells
in vitro. J. Neurosci. 17, 6277–6288.
Lewis, K.E., Concordet, J.P., Ingham, P.W., 1999. Characterisation of a
second patched gene in the zebrafish Danio rerio and the differential
response of patched genes to Hedgehog signalling. Dev. Biol. 208,
14–29.
Liu, Y., Shen, Y., Rest, J.S., Raymond, P.A., Zack, D.J., 2001. Isolation
and characterization of a zebrafish homologue of the cone rod ho-
meobox gene. Invest. Ophthalmol. Vis. Sci. 42, 481–487.
Macdonald, R., Barth, K.A., Xu, Q., Holder, N., Mikkola, I., Wilson, S.W.,
1995. Midline signalling is required for Pax gene regulation and pat-
terning of the eyes. Development 121, 3267–3278.
Masai, I., Stemple, D.L., Okamoto, H., Wilson, S.W., 2000. Midline
signals regulate retinal neurogenesis in zebrafish. Neuron 27, 251–263.
Matteucci, M., 1997. Oligonucleotide analogues: an overview. Ciba Found.
Symp. 209, 5–14.
Neumann, C.J., 2001. Pattern formation in the zebrafish retina. Semin. Cell
Dev. Biol. 12, 485–490.
Neumann, C.J., Nuesslein-Volhard, C., 2000. Patterning of the zebrafish
retina by a wave of sonic hedgehog activity. Science 289, 2137–2139.
362 D.L. Stenkamp, R.A. Frey / Developmental Biology 258 (2003) 349–363
Otteson, D.C., D’Costa, A.R., Hitchcock, P.F., 2001. Putative stem cells
and the lineage of rod photoreceptors in the mature retina of the
goldfish. Dev. Biol. 232, 62–76.
Raymond, P.A., Barthel, L.K., Curran, G.A., 1995. Developmental pat-
terning of rod and cone photoreceptors in embryonic zebrafish.
J. Comp. Neurol. 359, 537–550.
Reifers, F., Bohli, H., Walsh, E.C., Crossley, P.H., Stainier, D.Y.R., Brand,
M., 1998. Fgf8 is mutated in zebrafish acerebellar (ace) mutants and is
required for maintenance of midbrain-hindbrain boundary development
and somitogenesis. Development 125, 2381–2395.
Schauerte, H.E., van Eeden, F.J., Fricke, C., Odenthal, J., Strahle, U.,
Haffter, P., 1998. Sonic hedgehog is not required for the induction of
medial floor plate cells in the zebrafish. Development 125, 2983–2993.
Stenkamp, D.L., Frey, R.A., Mallory, D.E., Shupe, E.E., 2002. Embryonic
retinal gene expression in sonic-you mutant zebrafish. Dev. Dyn. 225,
344–350.
Stenkamp, D.L., Frey, R.A., Prabhudesai, S.N., Raymond, P.A., 2000.
Function for hedgehog genes in zebrafish retinal development. Dev.
Biol. 220, 238–252.
Strahle, U, Blader, P, Ingham, P.W., 1996. Expression of axial and sonic
hedgehog in wildtype and midline defective zebrafish embryos. Int. J.
Dev. Biol. 40, 929–940.
Varga, Z.M., Amores, A., Lewis, K.E., Yan, Y.L., Postlethwait, J.H.,
Eisen, J.S., Westerfield, M., 2001. Zebrafish smoothened functions in
ventral neural tube specification and axon tract formation. Develop-
ment 128, 3497–3509.
Wang, Y.P., Dakubo, G., Howley, P., Campsall, K.D., Mazarolle, C.J.,
Shiga, S.A., Lewis, P.M., McMahon, A.P., Wallace, V.A., 2002. De-
velopment of normal retinal organization depends on Sonic hedgehog
signaling from ganglion cells. Nat. Neurosci. 5, 831–832.
Westerfield, M., 1995. The Zebrafish Book: A Guide for the Laboratory
Use of Zebrafish (Danio rerio), 3rd ed. Univ. of Oregon Press, Eugene,
OR.
Zhang, X.M., Yang, X.J., 2001a. Regulation of retinal ganglion cell pro-
duction by Sonic hedgehog. Development 128, 943–957.
Zhang, X.M., Yang, X.J., 2001b. Temporal and spatial effects of Sonic
hedgehog signaling in chick eye morphogenesis. Dev. Biol. 233, 271–
290.
363D.L. Stenkamp, R.A. Frey / Developmental Biology 258 (2003) 349–363
